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Mammalian target of rapamycin (mTOR) is a key regulator of cell growth acting via two independent targets,
ribosomal protein S6 kinase 1 (S6K1) and 4EBP1. While each is known to regulate translational efficiency, the
mechanism by which they control cell growth remains unclear. In addition to increased initiation of transla-
tion, the accelerated synthesis and accumulation of ribosomes are fundamental for efficient cell growth and
proliferation. Using the mTOR inhibitor rapamycin, we show that mTOR is required for the rapid and
sustained serum-induced activation of 45S ribosomal gene transcription (rDNA transcription), a major
rate-limiting step in ribosome biogenesis and cellular growth. Expression of a constitutively active, rapamycin-
insensitive mutant of S6K1 stimulated rDNA transcription in the absence of serum and rescued rapamycin
repression of rDNA transcription. Moreover, overexpression of a dominant-negative S6K1 mutant repressed
transcription in exponentially growing NIH 3T3 cells. Rapamycin treatment led to a rapid dephosphorylation
of the carboxy-terminal activation domain of the rDNA transcription factor, UBF, which significantly reduced
its ability to associate with the basal rDNA transcription factor SL-1. Rapamycin-mediated repression of rDNA
transcription was rescued by purified recombinant phosphorylated UBF and endogenous UBF from exponen-
tially growing NIH 3T3 cells but not by hypophosphorylated UBF from cells treated with rapamycin or
dephosphorylated recombinant UBF. Thus, mTOR plays a critical role in the regulation of ribosome biogenesis
via a mechanism that requires S6K1 activation and phosphorylation of UBF.

Cell growth (increased cell mass and size) is a prerequisite
for proliferation (increased cell number), since a cell will di-
vide only after it has reached a critical mass (38, 49, 55, 58).
Thus, factors that govern cell cycle progression must also reg-
ulate growth in an interrelated fashion. Cell growth is not
however, unconditionally dependent on cell cycle progression,
as mutations in the budding yeast Saccharomyces cerevisiae and
the fruit fly Drosophila melanogaster that block or disrupt cell
division do not necessarily arrest cell growth (34, 44). Recent
studies have demonstrated that cell growth and cell cycle pro-
gression in proliferating mammalian cells, like lower organ-
isms, are also separable processes (8, 50, 63). Thus, detailed
knowledge of the biochemical and molecular mechanisms gov-
erning cell size will be essential to understanding how the cell
division cycle is coupled to growth and how this process is
uncoupled during differentiation or is perturbed during dis-
eases associated with deregulated growth. Our knowledge of

cell cycle regulatory mechanisms has advanced considerably
over the past decade. In contrast, information on the mecha-
nisms of regulating cell growth in mammalian cells is limited.

Increased protein synthesis is one of the major anabolic
events required for the growth response (28). Recent studies
suggest that one of the key nodal points upon which signaling
pathways converge to regulate growth is the mammalian target
of rapamycin (mTOR) signaling pathway. mTOR is an impor-
tant regulator of translational initiation through at least two
distinct but integrated pathways (8, 10, 49, 58). One branch of
this pathway controls phosphorylation of 4EBP1, releasing its
inhibitory interaction with eIF4E, allowing eIF4E to associate
with eIF4G to form the active eIF4F complex, a necessary
component of the 40S initiation complex. eIF4E activity ap-
pears to be particularly important for the translation of
mRNAs containing a highly structured 5� untranslated region,
such as transcripts encoding many proteins associated with
growth and proliferation control (e.g., cyclin D1 and c-myc) (9,
10, 53, 64). The second mTOR-dependent branch leads to the
phosphorylation of ribosomal protein S6 by the ribosomal S6
kinase 1 (S6K1) that stimulates the translation of mRNA with
a 5� oligopyrimidine tract (5�TOP). This class of mRNAs rep-
resents up to 30% of the total mRNA in the cell and encodes
many components of the protein synthetic machinery, includ-
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ing ribosomal proteins (r-proteins) and translation initiation
and elongation factors associated with regulating general pro-
tein initiation rates (26, 47, 56). In mammalian cells, both
4EBP1/eIF4E and S6K1 appear to be essential for efficient
regulation of mammalian cell mass, and it is thought that this
is largely achieved by regulating protein synthesis initiation
rates, i.e., translational efficiency (8).

In addition to protein translation initiation, the rate of cell
mass accumulation is dependent on the cellular level of func-
tional ribosomes (translational capacity). Sustained increases
in the rates of protein synthesis during normal processes, such
as organ regeneration and hypertrophy, as well as pathological
conditions, such as cardiac hypertrophy and tumor formation,
all require exquisitely coordinated increases in both translation
efficiency and capacity (28, 55, 57, 58). Transcription of the
genes that encode the 45S rRNA precursor of the 18S, 5.8S,
and 28S rRNA by RNA polymerase I (RPI) (ribosomal gene
transcription [rDNA transcription]) is a major rate-limiting
step in the biogenesis of ribosomes, yet the growth signaling
pathways that regulate rDNA transcription and how they are
coupled to those that control r-protein synthesis are poorly
understood (14, 36, 40, 57, 58).

On the basis of the observations that (i) the mTOR signaling
pathway promotes both growth and proliferation (49, 58) and
(ii) increased rates of rRNA synthesis are necessary for accel-
erated rates of proliferative growth (14, 36, 57), we hypothe-
sized that mTOR, in addition to its effects on translation, might
directly regulate the function of molecules that control synthe-
sis of rRNAs. To test this hypothesis, we have examined the
role of mTOR-dependent signaling in mitogen-induced activa-
tion of rRNA synthesis. We demonstrate that mTOR activity is
required for both rapid and sustained regulation of rDNA
transcription in both proliferating NIH 3T3 fibroblasts and
nonproliferating cardiac muscle cells. Stimulation of rDNA
transcription by mTOR requires S6K1 activation and is medi-
ated in part through the phosphorylation of the carboxy-ter-
minal activation domain of the rDNA transcription factor,
upstream binding factor (UBF). This phosphorylation pro-
motes the interaction between UBF and the basal rDNA tran-
scription factor SL-1. This study documents, for the first time
in mammalian cells, a coordinated mechanism controlling both
protein translation capacity and translational efficiency,
thereby allowing for fine control of protein synthesis during
growth and proliferation.

MATERIALS AND METHODS

Plasmid constructs. The rDNA transcription reporter pSMECAT, control
reporter pSMECAT-7, UBF expression vector pcDNA3-UBF1-FLAG, and UBF
antisense expression vectors have been described in detail previously (2, 17, 21).
The actin riboprobe vector Act-387, used to generate [32P]UTP-labeled internal
standard for the in vitro transcription experiments was a gift from D. Autelitano
(Cryptome Research Pty. Inc., Melbourne, Australia). This construct contains a
fragment of rat �-actin (first 147 bp of exon 1 and 240 bp of exon 2) cloned into
the EcoRI-BamHI site pGEM3Z which generates a transcript of 387 nucleotides.
The p70 S6K1 expression constructs, PRK5 myc-tagged E2BQ (dominant neg-
ative), D3E (constitutively active), and dED3E (constitutively active, rapamycin
resistant) have been described previously (16, 26, 41).

Cell culture. NIH 3T3 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C in
a 5% CO2 atmosphere. NIH 3T3 cells were plated at 20% confluency for 24 h
and then made quiescent (serum starved) by culturing the cells for 24 h in
DMEM containing 0.5% (wt/vol) bovine serum albumin (BSA). Serum-starved

cells were then treated for the times indicated with 10% FBS in the presence or
absence of rapamycin (final concentration of 20 nM). Neonatal cardiomyocytes
were isolated from the ventricles of 1-day-old Sprague-Dawley rat pups as de-
scribed previously (2, 21). Myocytes were plated at 1,250 cells/mm2 in modified
Eagle’s medium (MEM) containing 10% newborn calf serum and 0.1 mM bro-
modeoxyuridine and then allowed to attach overnight. After attachment, myo-
cytes were maintained in serum-free defined medium (21) with KCl (50 mM)
where indicated to prevent spontaneous contraction. Hypertrophic growth was
initiated by adding 25 �M phenylephrine (2, 21). NISI cells were grown as
previously described (18).

S6K1 activity. Cells treated as described above were washed with phosphate-
buffered saline and lysed in lysis buffer (50 mM Tris-HCl [pH 7.5], 120 mM NaCl,
1% Nonidet P-40 [NP-40], 1 mM EDTA, 50 mM NaF, 40 mM �-glycerophos-
phate, 0.1 mM sodium vanadate, 1 mM benzamidine, 0.5 mM phenylmethylsul-
fonyl fluoride [PMSF]). Cell extracts were cleared by centrifugation at 4°C for 15
min at 12,000 � g, and aliquots of the supernatant were stored at �70°C.
Endogenous or myc epitope-tagged p70 S6K1 activity was assayed after immu-
noprecipitation as described previously (6, 16) except 150 �M RRRRLSSLRA
peptide was used as a substrate. The results are expressed in units of activity per
milligram of protein lysate. One unit of activity results in the transfer of 1 pmol
of �-32Pi into peptide substrate per min.

Determination of cell growth. Cell volume was determined by using a Sysmex
CDA500 system, protein content was determined using a Bradford assay (Bio-
Rad), cell DNA content was determined by Burton assay, and total RNA was
determined by A260, with recovery being controlled by the addition and quanti-
tation of a 32P-labeled RNA transcript as described previously (15, 17).

Isolation of nuclei and nuclear run-on assays. Nuclei were harvested and
resuspended in nucleus storage buffer (50 mM Tris-HCl [pH 8.3], 40% [vol/vol]
glycerol, 5 mM MgCl2, 0.1 mM EDTA) as described previously (15). De novo-
synthesized RNA was isolated by using nuclei normalized for DNA content. To
control for recovery of the in vitro-transcribed RNA, a 3H-labeled �-actin RNA
probe was added prior to extraction and the amount of 3H recovered was
quantitated by liquid scintillation counting. Transcription from the rDNA pro-
moter was measured by hybridization of in vitro-synthesized 32P-labeled run-on
transcripts to slot blots of immobilized (Zetaprobe; Bio-Rad) plasmids contain-
ing the mouse rDNA promoter (positions �168 to �292 with respect to the start
site of transcription initiation) and slot blots of pBluescript DNA as a control for
nonspecific hybridization. Hybridization and washes were performed as de-
scribed previously (15). Radioactive hybrids were detected with a Molecular
Dynamics PhosphorImager, quantified using ImageQuant software, and ex-
pressed as fold increase in phosphorimager units over control values.

Preparation of nuclear extracts. Nuclear extracts were prepared from NIH
3T3 cells (108 cells per isolation) as described previously, yielding extracts con-
taining 6 to 10 mg of protein per ml (12). Following final dialysis, extracts were
frozen in liquid N2 and stored at �80°C.

Fractionation of nuclear extract by MonoQ anion-exchange chromatography.
The standard stepwise elution from anion-exchange resin routinely used to
separate RPI/SL-1 from UBF (23, 52) was refined to maximize the separation.
Nuclear extracts were dialyzed (Spectra/Por 2 membrane) (molecular weight
cutoff, 12,000 to 14,000) for 3 h in MonoQ buffer A [40 mM HEPES (pH 7.9),
5 mM MgCl2, 0.2 mM EDTA, 50 mM (NH4)2SO4, 0.5 mM PMSF, 0.5 mM
dithiothreitol (DTT), 20% (vol/vol) glycerol]. Extracts were centrifuged at 13,000
� g for 15 min, and the supernatant (�2 mg of protein in 1 ml) loaded onto a
MonoQ anion-exchange column attached to a Pharmacia fast-performance liq-
uid chromatography system and preequilibrated in buffer A. The column was
washed for 10 min at 0.25 ml/min before elution with a linear gradient to 1 M
(NH4)2SO4 in buffer A over 60 min at 0.25 ml/min. Fractions (500 �l) were
collected, and the presence of RPI, SL-1, Rrn3, and UBF was detected by
Western blot analysis. Fractions containing RPI (MQ340) (fractions 17 to 19, 290
to 380 mM NH4SO4) or UBF (MQ570) (fractions 25 to 27, 530 to 620 mM
NH4SO4) were combined and concentrated using a Centricon-50 concentrator
(Amicon). The concentrated protein was diluted 10-fold in C-20 buffer (20 mM
HEPES [pH 7.9], 5 mM MgCl2, 0.2 mM EDTA, 100 mM KCl, 0.5 mM PMSF,
0.5 mM DTT, 20% [vol/vol] glycerol) and reconcentrated; this procedure was
repeated once to facilitate buffer exchange. All fractions were frozen in liquid N2

and stored at �80°C. The concentration of each preparation was assessed by
Western blotting, and equal amounts of each protein from either serum- or
rapamycin-treated cell extracts were added to the transcription assays.

Immunodepletion of UBF from MQ570. Immunodepletion experiments were
performed essentially as we have previously described (23). Antibody from UBF
antiserum or preimmune serum was bound to protein A agarose beads and
washed extensively in phosphate-buffered saline. Prior to immunodepletion, the
control and UBF antiserum-bound beads were incubated for 30 min in C-20
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buffer containing 0.05% (wt/vol) Tween 20 and then for 30 min in a solution
containing 0.5 mg of BSA per ml to reduce nonspecific binding of proteins to the
beads. The MQ570 fraction (UBF) was brought to a final concentration of 0.5 mg
of BSA per ml and mixed with 20 �l of packed pretreated anti-UBF or control
beads and incubated at 4°C for 3 h in the presence of protease and phosphatase
inhibitor cocktail (catalog nos. P8340 and P5726; Sigma). The beads were re-
moved by centrifugation, and the supernatants were used in the transcription
experiments.

Baculovirus expression of Rrn3 and UBF. FLAG-tagged mouse Rrn3 and
UBF1 were expressed in Sf9 cells using the pFASTBac1 system (Life Technol-
ogies). Infected Sf9 cells were lysed in Bac-lysis buffer (50 mM Tris [pH 7.4], 150
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5 mM DTT, 0.5 mM PMSF) and
incubated with anti-FLAG M2 resin (Kodak) for 1 h at 4°C. The resin was
washed extensively with Bac-lysis buffer containing 500 mM NaCl, and the bound
material was eluted with 0.5 mg of FLAG peptide per ml in C-20 buffer. The
purity of the eluted proteins was determined by Coomassie blue staining. To
dephosphorylate UBF, FLAG-tagged UBF was bound the FLAG M2 resin and
dephosphorylated by treating with alkaline phosphatase using standard condi-
tions. After extensive washing with Bac-lysis buffer containing 500 mM NaCl, the
dephosphorylated UBF was eluted with FLAG peptide as described above.

Preparation of S100 extracts and purified FLAG-tagged Rrn3. S100 extracts
for the Rrn3 activity assays were prepared from NISI cells treated with cyclo-
heximide (CHX) (100 �g/ml) as described previously (5) or from NIH 3T3 cells
treated with serum or serum plus rapamycin. NIH 3T3 cells were plated at a
concentration of 106 cells per 100-mm-diameter dish and transfected 18 h later
with FLAG-tagged Rrn3 (6 �g) using Lipofectamine 2000 (Invitrogen). The cells
were then made quiescent (serum starved) and treated as described above. Cells
were harvested in lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA,
1% Triton X-100). The lysates were precleared on Sepharose CL-4B beads, and
FLAG-tagged Rrn3 was purified by incubation with anti-FLAG resin and eluted
with 0.5 mg of FLAG peptide per ml in C-20 buffer as described above. The
activity of FLAG-tagged Rrn3 isolated from the transfected NIH 3T3 cells was
compared with the activity of purified baculovirus Rrn3 (300 ng).

In vitro transcription and complementation assays. rDNA transcription reac-
tions were performed as previously described (4, 5). For these assays, the tem-
plate DNA consisted of EcoRI-linearized plasmid pU5.1E/X containing the rat
45S rDNA promoter (positions �286 to �520) and is designed to generate a
truncated transcript of 639 nucleotides. The in vitro transcription and comple-
mentation experiments utilized nuclear extracts (50 �g) or MQ fractions (equal
amount of UBF or RPI) from NIH 3T3 cells and S100 extract (25 to 40 �g) from
NISI cells treated with CHX, serum, or serum plus rapamycin (5). The samples
were incubated for 30 min at 30°C in transcription buffer containing 0.1 �g of
template, [32P]UTP, cold nucleotides, and 	-amanitin (final concentration, 100
�g/ml), and the reaction was stopped by adding 5 mg of tRNA per ml in 10%
(wt/vol) sodium dodecyl sulfate (SDS). An in vitro-transcribed [32P]UTP-labeled
�-actin RNA riboprobe was used as an internal standard for the recovery of the
RNA transcripts. RNA was extracted from the reaction mixture and redissolved
in 3 �l of 0.01% (wt/vol) SDS plus 14 �l of formamide. The transcripts were
resolved on 6% urea-polyacrylamide gels, which were dried and exposed to X-ray
film.

Transfections and reporter assays. NIH 3T3 cells were plated at a concentra-
tion of 0.18 � 106 cells per 60-mm-diameter dish and transfected 24 h later with
the indicated constructs using Lipofectamine (Invitrogen) (21). All transfections
contained equal amounts of DNA. Five hours after transfection, the culture
medium was replaced with DMEM plus 0.5% BSA for a further 16 h and treated
as described above. Twenty-four hours after the cardiomyocytes were plated,
they were transfected using Lipofectamine 2000 (2), and hypertrophy was initi-
ated as described above. Cell lysates were prepared and assayed for chloram-
phenicol acetyltransferase (CAT) or �-galactosidase activity as described previ-
ously (2, 21). To control for any differences in transfection efficiency, the data
were expressed as CAT activity relative to the �-galactosidase activity, coex-
pressed under a cytomegalovirus (CMV) promoter. To establish the RPI depen-
dence of the CAT assay, the essential G at position �7 in the 45S promoter was
mutated in the control reporter pSMECAT-7.

SDS-PAGE and Western blot analysis. Protein samples (10 to 20 �g) were
resuspended in SDS sample buffer, boiled, size fractionated by SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE), and transferred to Immobilon P (Am-
ersham) membranes as described previously (6, 15). The blot was subsequently
probed with the following antibodies: polyclonal antibodies to S6K1 (6), UBF1/
UBF2 (15), Rrn3 (5), actin, A127 subunit of RPI (15), TATA-binding protein
(TBP) (Santa Cruz catalog no. 273); anti-TAFI p95 (Santa Cruz catalog no.
6569); anti-TAFI p68 (Santa Cruz catalog no. 6574); and monoclonal antibodies
to the Myc epitope (41), 	-tubulin, or FLAG epitope (21). The blot was devel-

oped using the appropriate secondary antibodies and enhanced chemilumines-
cence (Amersham).

Metabolic labeling of cells. NIH 3T3 cells were plated at a concentration of 106

per 100-mm-diameter plate for 24 h and serum starved for 48 h in phosphate-free
DMEM with 32Pi (1 mCi/5 ml) added in the last 12 h. The cells were then treated
and harvested, and 32P-labeled UBF was immunoprecipitated as described pre-
viously (16).

Tryptic phosphopeptide mapping. 32P-labeled UBF was separated on an SDS–
10% polyacrylamide gel, transferred to an Immobilon P membrane, exposed to
autoradiography, and excised. The membrane was washed three times: with 0.5%
polyvinyl pyrrolidone (molecular weight of 360,000) in 100 mM acetic acid, with
water, and then with 50 mM NH4HCO3. After washing, the membrane was
subjected to tryptic digestion (16, 31). Tryptic peptides were lyophilized, and
phosphopeptides (5,000 cpm) were separated by two-dimensional mapping as
described previously (16). Radiolabeled phosphopeptides were visualized after
24-h exposure using a PhosphorImager and ImageQuant software (Molecular
Dynamics).

UBF/SL-1 immunoprecipitation. Nuclear extracts (200 �g) from cells treated
with serum or rapamycin were tumbled in C-10 buffer (C-20 buffer with 10%
glycerol) containing 0.5% NP-40 and 2 �g of anti-TAFI p95 antibody at 4°C for
3 h. Washed protein A Sepharose beads (25 �l) were added, and the sample
tumbled for a further 30 min. The beads were washed three times with C-10
buffer containing 0.5% NP-40, and SDS sample buffer was added. The samples
were boiled, separated on SDS–8% polyacrylamide gels, transferred, and West-
ern blotted with anti-UBF or anti-TAFI p95.

RESULTS

mTOR signaling is required for both acute and sustained
activation of rDNA transcription by serum. Different cell types
vary markedly in their dependence on mTOR for the control of
cell growth (8). To assess the suitability of NIH 3T3 cells to
study mTOR-dependent regulation of rDNA transcription, we
first characterized the effects of rapamycin, a potent and se-
lective inhibitor of mTOR, on NIH 3T3 cell proliferation and
growth over a 24-h time period. Quiescent cells were stimu-
lated with DMEM containing 10% FBS in the presence or
absence of 20 nM rapamycin for a further 24 h, harvested, and
analyzed for activation of the mTOR-S6K1/4EBP1 pathway
and parameters of cellular proliferation and growth. Treat-
ment with serum for 24 h led to a sustained activation of
mTOR-dependent signaling, with S6K1 activity elevated 2.4-
fold (Fig. 1A). Rapamycin treatment blocked the increases in
S6K1 activity, and this inhibition correlated with significant
reductions in protein content per cell, cell volume (Fig. 1A),
and proliferation (results not shown), indicating that rapamy-
cin inhibition of mTOR leads not only to delayed cell cycle
entry but also to reduced cellular growth and cell size. These
results demonstrate that serum-dependent growth of NIH 3T3
cells is highly sensitive to rapamycin and support the findings
of Fingar et al. (8), who demonstrated that mTOR signaling
was crucial for the control of cell size in mammalian cells.

Serum treatment of quiescent cells results in rapid and sus-
tained activation of mTOR signaling (13, 30). To determine
the role of ribosomal gene transcription in mTOR-dependent
activation of growth, we examined rDNA transcription rates in
NIH 3T3 cells 30 min, 3 h, and 24 h after stimulation with
serum in the presence or absence of pretreatment with rapa-
mycin (Fig. 1B, schematic). Serum stimulation of quiescent
cells activated S6K1 activity 3.5-fold within 30 min, and this
activity was abolished by rapamycin (results not shown). Con-
comitantly, serum rapidly stimulated rDNA transcription, as
measured by nuclear run-on transcription from the 45S pro-
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moter, to 40% of the maximal value within 30 min (Fig. 1B).
While activation remained constant for 3 h, maximal activation
required a further 18 to 24 h of stimulation, suggesting the
existence of both acute and sustained mechanisms regulating
rDNA transcription in response to serum. Incubation of the
cells with rapamycin for 30 min prior to serum treatment com-

pletely inhibited both the rapid and sustained induction of
rDNA transcription (Fig. 1B). Together, these data demon-
strate that activated mTOR is required for both the rapid and
maximal activation of rDNA transcription by serum. Impor-
tantly, since the number of nuclei assayed by nuclear run-on,
per time point, was normalized for DNA content, an increased

FIG. 1. Regulation of NIH 3T3 cell growth correlates with rapid and sustained activation of rDNA transcription by mTOR. NIH 3T3 cells were
plated in DMEM with 10% FBS, allowed to grow overnight, and made quiescent by incubation for 24 h in DMEM with 0.5% BSA (serum starved
as a control). After serum starvation, cells were pretreated with rapamycin (20 nM) or vehicle (ethanol) for 30 min before stimulation with DMEM
plus 10% FBS for 30 min, 3 h, or 24 h. Cells harvested at 24 h were assayed for S6K1 activity, protein content per cell, and cell volume (A) as
described in Materials and Methods. Cells harvested at 30 min, 3 h, and 24 h were assayed for endogenous rDNA transcription rates by nuclear
run-on analysis (B) as described in Materials and Methods. Alternatively, quiescent cells were stimulated with 10% FBS for 24 h before treatment
with rapamycin (20 nM) for 30 min and 3 h as illustrated in the schematic (C), then harvested and assayed for S6K1 activity (C), endogenous rDNA
transcription (D), and for their ability to transcribe 0.1 �g of 45S template gene in vitro (E) as described in Materials and Methods. Lane 1,
markers; lanes 2 to 5, 45S transcripts (45S Transc.); lane 6, internal standard (Int. Std.); lane 7, 45S transcript. Values that are significantly different
(P 
 0.05) from the control values (�) and values that are significantly different (P 
 0.05 [#] and P 
 0.005 [##]) from the values for
serum-treated cells (n � 4 to 7) are indicated. Abbreviations: Ctl, control; S, 10% FBS; S� Rapa, 10% FBS plus 20 nM rapamycin.
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gene copy number prior to cell division could not account for
the sustained response.

To determine whether increased mTOR activity was also
required to maintain a stimulated level of transcription, we
examined how rapidly rapamycin could inhibit rDNA tran-
scription in exponentially growing cells (Fig. 1C, schematic).
Rapamycin treatment of exponentially growing cells rapidly
inhibited S6K1 activity (Fig. 1C) with a corresponding inhibi-
tion of rDNA transcription rates (Fig. 1D). The genome of
eukaryotic cells contain between 200 and 400 copies of the 45S
ribosomal gene. Nuclear run-on transcription measures the
level of active RPI loaded onto the ribosomal genes. However,
it does not indicate whether the increased transcription is due
to accelerated initiation-elongation rates on a fixed number of
genes or whether additional ribosomal genes are being tran-
scribed.

To clarify the mechanism of increased transcription, we
measured the effect of rapamycin on RPI activity in a cell-free
transcription assay (Fig. 1E). Modified nuclear extracts were
prepared from NIH 3T3 cells and examined for their ability to
support RPI transcription from a linearized 45S rDNA tem-
plate (see Materials and Methods). Serum treatment (24-h
treatment) significantly increased the activity of RPI transcrip-
tion compared to that of serum-starved (control) cells (Fig. 1E,
compare lanes 2 and 3). This activation was rapidly inhibited by
rapamycin (within 30 min), and inhibition was maximal after
3 h (lanes 4 and 5). These results indicate that the major effect
of mTOR to activate rDNA transcription is to activate one or
more of the RPI transcription components. Treatment of pri-
mary rat fibroblasts with rapamycin also resulted in a rapid
inhibition of rDNA transcription (results not shown), confirm-
ing that our results were not restricted to immortalized cell
lines. Thus, in mammalian cells, sustained mTOR activation is
required to maintain serum activation of rDNA transcription.

S6K1 activation is necessary and sufficient to activate rDNA
transcription in mammalian cells. Given the role of S6K1 in
the regulation of r-protein synthesis, we hypothesized that this
major target of mTOR signaling may mediate rapamycin-sen-
sitive stimulation of rDNA transcription, allowing coordinate
regulation of ribosome biogenesis. To examine this possibility,
we performed cotransfection experiments with mutants of
S6K1 and a well-characterized 45S gene reporter system,
pSMECAT (2, 17, 21, 41, 54). pSMECAT contains the mouse
rDNA promoter (positions �152 to �60) upstream of an in-
ternal ribosomal entry site to drive the expression of CAT. We
have previously shown by S1 nuclease analysis that the site of
transcription initiation for pSMECAT is that predicted for
RNA transcripts from RPI (16). Moreover, mutational inacti-
vation of the 45S promoter by mutating the G at position �7
which is essential for transcription by RPI (pSMECAT-7) did
not reveal the presence of cryptic RPII or RPIII initiation sites
(21). Similarly, in these studies, the level of CAT activity for
pSMCAT-7 was 
15% of that for pSMECAT and did not
significantly respond to serum or rapamycin treatment (Fig.
2A). On the other hand, serum induced pSMECAT activity to
a level similar to that observed for the endogenous ribosomal
genes (compare Fig. 2A, panel pSMECAT PRK5, and Fig.
1B). Rapamycin significantly inhibited the serum activation of
pSMECAT and to a lesser extent inhibited basal levels. Im-
portantly, rapamycin repression of pSMECAT was rescued by

forced expression of a constitutively active, partially rapamy-
cin-insensitive version of S6K1 (dED3E) (41) (Fig. 2A), sug-
gesting that the major pathway downstream of mTOR respon-
sible for regulating rDNA transcription was S6K1. In contrast,
overexpression of a constitutively active version of S6K1 that
retains full rapamycin sensitivity (D3E) (41) (Fig. 2A) was
unable to rescue rapamycin inhibition of rDNA transcription.
Thus, S6K1 activity is sufficient to restore rDNA transcription
in the presence of rapamycin. Interestingly, equivalent forced
expression of either D3E or dED3E in quiescent cells led to a
significant increase in pSMECAT expression (Fig. 2A), indi-
cating that elevated S6K1 activity alone is sufficient to stimu-
late rDNA transcription in the absence of serum or growth
factors.

To test whether S6K1 activity is required for rDNA tran-
scription, pSMECAT was cotransfected with the interfering
mutant of S6K1 (E2BQ) which acts in a dominant-negative
fashion when overexpressed (26). Dominant-negative S6K1 re-
pressed serum-induced rDNA transcription in a dose-depen-
dent fashion (Fig. 2B), confirming the requirement of S6K1
activity for serum stimulation of rDNA transcription. Expres-
sion of dED3E to levels similar to those observed for E2BQ
(Fig. 2B, insert) gave a dose-dependent activation of rDNA
transcription, consistent with the results presented in Fig. 2A,
indicating that high levels of plasmid DNA do not inhibit
pSMECAT transcription. These observations demonstrate a
novel link between S6K1 activity and rDNA transcription in
mammalian cells and are consistent with the increased cell size
noted with S6K1 transfection (8).

mTOR-dependent activation of rDNA transcription is inde-
pendent of proliferation. The ability of mTOR to rapidly reg-
ulate rDNA transcription suggests a direct mechanism of ac-
tion. However, we have also shown that maximal activation of
rDNA transcription by serum requires 24 h, which correlates
with the documented effects of S6K1 on the transition from the
G1 phase to the S phase of the cell cycle (30, 42). To examine
the possibility that sustained effects of mTOR on rDNA tran-
scription might be the indirect consequence of regulation of
cell cycle progression, we examined the ability of rapamycin to
inhibit rDNA transcription in primary cultures of postmitotic
neonatal cardiomyocytes. These cells do not proliferate or
undergo DNA synthesis in response to growth factor stimula-
tion; instead, they undergo hypertrophic growth (19). Treat-
ment of primary cultures of neonatal cardiomyocytes with the
	1-adrenergic receptor agonist phenylephrine stimulated S6K1
activity twofold (Fig. 3A) and hypertrophic growth, as defined
by an increase in protein content without a change in DNA
content (Fig. 3B and C). This correlated with a twofold acti-
vation of endogenous rDNA transcription (Fig. 3D) with no
change in cell number (data not shown), which is consistent
with previous studies (2, 19, 21). Rapamycin treatment blocked
these increases (Fig. 3A to D). In cotransfection experiments,
phenylephrine stimulated pSMECAT activity twofold, and this
activation was abolished by rapamycin (Fig. 3E, PRK5 panel).
Enforced expression of the constitutively active rapamycin-
resistant S6K1 mutant (dED3E) rescued rapamycin-mediated
repression of the reporter for rDNA transcription pSMECAT.
Thus, the ability of mTOR to regulate rRNA synthesis is in-
dependent of its effects on cell cycle and is mediated, at least
in part, through S6K1. These findings are consistent with the
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observation that mTOR-dependent growth of fibroblasts con-
tinues despite a blockade of cell cycle progression (8).

mTOR regulates the level of the rDNA transcription factor
UBF. UBF is a key factor implicated in the regulation of rDNA
transcription whose activity is subject to regulation at multiple
levels, including growth factor-induced expression and phos-
phorylation (reviewed in references 14 and 36). UBF levels
have been demonstrated to be functionally limiting for rDNA
transcription rates in NIH 3T3 cells (2, 17, 21). Thus, we
examined whether mTOR-dependent activation of rDNA
transcription might be mediated through changes in the levels
of UBF.

Stimulation of quiescent NIH 3T3 fibroblasts with serum for
24 h led to a significant increase in UBF protein expression
(Fig. 4A), consistent with data from NIH 3T6 fibroblasts (11).
Growth factor induction of UBF expression is independent of
effects on proliferation and DNA content, since UBF expres-

sion is stimulated by growth factors in terminally differentiated
cardiomyocytes (19, 21). Rapamycin completely blocked the
induction of UBF protein (Fig. 4A), demonstrating that serum-
induced UBF expression requires activation of mTOR. Expres-
sion of UBF antisense RNA in NIH 3T3 cells significantly
inhibited the activity of a cotransfected reporter for rDNA
transcription, pSMECAT, in a dose-dependent manner to the
level observed with rapamycin treatment (Fig. 4B). These re-
sults demonstrate that serum induction of rDNA transcription
is dependent on increased levels of UBF, consistent with pre-
vious data (2). Together, these data indicate that mTOR can
regulate rDNA transcription by regulating the accumulation of
UBF protein.

Acute treatment of exponentially growing cells with rapamy-
cin significantly inhibited rDNA transcription (Fig. 1D and E).
However, no effect of rapamycin on endogenous UBF protein
levels was observed in this time frame (Fig. 4C), indicating that

FIG. 2. S6K1 is necessary and sufficient to regulate rDNA transcription in mammalian cells. (A) NIH 3T3 cells (0.18 � 106 cells/well) were
transfected 24 h after plating with the following plasmid constructs: a reporter construct for rDNA transcription (pSMECAT) (0.45 �g), a control
vector in which an essential G at position �7 in the 45S promoter was mutated in the control reporter (pSMECAT-7), empty vector PRK5 (0.45
�g), or the indicated S6K1 mutants, dED3E or D3E (0.45 �g). The cells were then transferred into DMEM containing 0.5% BSA. After 24 h of
serum starvation, the cells were pretreated with rapamycin (20 nM) or vehicle (ethanol) for 30 min and then stimulated with DMEM plus 10%
FBS for a further 24 h before being assayed for CAT activity. Samples were analyzed in parallel for endogenous and recombinant S6K1 expression
with an antibody directed to the carboxy-terminal region of S6K1 or the myc tag. (B) Cells were plated and transfected as described above with
pSMECAT (0.45 �g) and increasing amounts of the dominant-negative construct E2BQ (0.45, 0.9, 1.8, and 3.6 �g) or dED3E (0.45, 0.9, 1.8, and
3.6 �g) and then transferred into DMEM containing 10% BSA. Total plasmid DNA per transfection was equalized with the empty vector, PRK5.
After 48 h, the cells were assayed for CAT activity. Samples were analyzed in parallel for recombinant S6K1 expression (myc) and tubulin as a
control for loading (see insert). Values that are significantly different (P 
 0.05) from the control values (serum-starved cells) (n � 5) are indicated
(�). Abbreviations: Ctl, control; Rapa, 20 nM rapamycin; S, 10% FBS; S�Rapa, 10% FBS plus 20 nM rapamycin; 	-S6K1, anti-S6K1; Unt.,
untransfected.
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additional levels of regulation are required. Moreover, over-
expression of UBF1 was insufficient to rescue repression of
serum-induced rDNA transcription by rapamycin (Fig. 4D).
Control Western blots demonstrated that rapamycin had no
effect on the expression of ectopic UBF (Fig. 4E). Together,
these data indicate that an mTOR-dependent mechanism in
addition to elevated expression of UBF is required to regulate
rDNA transcription.

Rapid activation of rDNA transcription by mTOR is medi-
ated by phosphorylation of the carboxy-terminal activation
domain of UBF. In addition to changes in expression, maximal
transcriptional activity of UBF requires phosphorylation at
multiple sites within the carboxy-terminal acidic tail region
(amino acids 675 to 765) (14, 27, 61, 62). This carboxy-terminal
phosphorylation facilitates the efficient interaction of UBF
with the basal rDNA transcription factor SL-1 (23, 27, 60) and
is essential for transactivation (62). Since rapid phosphoryla-
tion of this region is regulated by serum and growth factors (24,

27, 32, 39, 62), we examined whether the rapid inhibition of
rDNA transcription by rapamycin (30 min or 3 h) might be
mediated in part through a reduction in the level of phosphor-
ylation of the UBF carboxy-terminal domain. NIH 3T3 cells
were metabolically labeled with 32Pi, and UBF was immuno-
purified and subjected to two-dimensional tryptic phosphopep-
tide mapping. Western blotting of a typical immunoprecipitate
revealed increased UBF levels in response to serum treatment
and no effect of short-term rapamycin treatment on the level of
UBF (Fig. 5A), consistent with the data presented in Fig. 4C.
Exposure of the membrane to the phosphorimager revealed
the characteristic [32P]-labeled doublet (Fig. 5A) that was ex-
cised for phosphopeptide mapping. Consistent with previous
reports (27, 61, 62), a number of phosphopeptides were de-
tected. Upon serum stimulation, the majority of the 32P label
was incorporated into a large tryptic fragment which did not
migrate significantly in the chromatography phase (Fig. 5B,
CT) and which was previously identified as the carboxy-termi-

FIG. 3. Rapamycin inhibits rDNA transcription independent of its effect on proliferation. Cultures of primary neonatal cardiomyocytes
maintained in defined serum-free medium were stimulated with vehicle (ethanol) or the hypertrophic agent phenylephrine (25 �M) in the presence
or absence of rapamycin (20 nM). After 48 h, the cells were harvested and assayed for S6K1 activity (A), protein content (B), DNA content (C),
or rDNA transcription (D) as described in Materials and Methods. Alternatively, cultures of primary neonatal cardiomyocytes were transfected
with pSMECAT (0.45 �g), S6K1 mutant dED3E (0.45 �g), or empty vector PRK5 (0.45 �g) and then transferred to defined serum-free medium.
After 24 h, the cells were stimulated as described above, harvested 24 h later, and then assayed for CAT activity (E). Expression of endogenous
and recombinant S6K1 was determined by Western blotting with an antibody directed to the carboxy-terminal region of S6K1 (	-S6K1) or the myc
tag, respectively. Values that are significantly different from the control values (n � 5 to 7) are indicated as follows: �, P 
 0.05; ��, P 
 0.01; ���,
P 
 0.005. Abbreviations: Ctl, control; PE, 25 �M phenylephrine; PE � Rapa, PE plus 20 nM rapamycin.
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nal activation domain of UBF (27, 61, 62). Rapamycin treat-
ment prevented serum-stimulated phosphorylation of the ac-
tivation domain (Fig. 5B). To quantitate these effects and
account for any variations in loading, the ratio of carboxy-
terminal domain phosphorylation over the intensity of two
invariant peptides (peptides 1 and 2) was determined using
ImageQuant software. Pooled data of separate experiments
were plotted in Fig. 5C. Phosphorylation of the carboxy-termi-
nal domain was stimulated fivefold by serum treatment, and

rapamycin treatment for both 30 min and 3 h significantly
reduced the phosphorylation (Fig. 5C). These studies suggest
that the acute regulation of rDNA transcription by mTOR is
dependent, at least in part, on the phosphorylation of the
carboxy-terminal activation domain of UBF.

Endogenous UBF from serum-stimulated cells and recom-
binant baculovirus UBF rescue rapamycin-mediated repres-
sion of RPI transcription. To further explore the role of UBF
phosphorylation in the regulation of RPI transcription, we

FIG. 4. mTOR regulates UBF expression. (A) NIH 3T3 cells were made quiescent, pretreated with 20 nM rapamycin or vehicle (ethanol) for
30 min, stimulated with serum (by growing in DMEM containing 10% FBS for 24 h), and harvested. Equal amounts of protein were analyzed for
UBF expression by Western blotting using polyclonal antibodies that recognize both forms of UBF (UBF1 and UBF2) (	-UBF) and an anti-actin
antibody (	-Actin) to verify loading. Samples from duplicate cultures are shown. (B) NIH 3T3 cells were transfected with pSMECAT (0.45 �g)
and where indicated with increasing amounts (0.9 and 1.8 �g) of a vector driving expression of UBF antisense RNA (pCMV5-UBFas) or the empty
vector (pCMV5) and then transferred to DMEM containing 0.5% BSA. After 24 h of serum starvation, cells were pretreated with rapamycin (20
nM) or vehicle (ethanol) for 30 min before stimulation with DMEM containing 10% FBS for a further 24 h. The cells were harvested and assayed
for CAT activity. (C) NIH 3T3 cells growing exponentially in the presence of DMEM containing 10% FBS were treated with rapamycin (20 nM)
for 30 min or 3 h, harvested, and assayed by Western blotting for UBF expression as described above for panel A. (D and E) NIH 3T3 cells were
transfected with pSMECAT (0.45 �g) and where indicated, with increasing amounts of a construct driving the expression of an epitope-tagged
version of UBF1 (FLAG-tagged UBF-1 [FLAG-UBF1]) (0.9 and 1.8 �g) or the empty vector (pCDNA3) and then transferred to DMEM
containing 0.5% BSA. After 24 h of serum starvation, cells were pretreated with rapamycin (20 nM) or vehicle (ethanol) for 30 min before
stimulation with DMEM containing 10% FBS for a further 24 h as indicated. The cells were then harvested and assayed for CAT activity (D) or
expression of recombinant UBF using an anti-FLAG antibody; actin was used as a loading control (E). Values that are significantly different from
the control values (�, P 
 0.05; ��, P 
 0.01) and values that are significantly different (P 
 0.05) from the values for serum-treated cells (n �
5) (#) are indicated. Abbreviations: Ctl, control (serum starved); S, 10% FBS; S�Rapa, 10% FBS plus 20 nM rapamycin.
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examined the relative ability of partially purified UBF from
serum- or rapamycin-treated NIH 3T3 cells to rescue tran-
scription in nuclear extracts from rapamycin-treated cells.
UBF was separated from RPI/SL-1 by MonoQ anion-exchange
chromatography of nuclear extracts as described previously
(48). Western blot analysis with antibodies to the A127 subunit
of RPI or UBF revealed effective separation, with RPI eluting
at �340 mM NH4SO4 and UBF eluting at �570 mM NH4SO4.
The presence of SL-1 in the fractions containing RPI and their
absence from the fractions containing UBF was confirmed by
Western blot analysis using antibodies to three subunits of
SL-1, TBP, TAFI p95, and TAFI p68. Rrn3 (also called tran-
scription initiation factor 1A or TIF-1A) has been implicated
in the regulation of rDNA transcription in response to mito-
gens by recruiting the RPI complex to the core rDNA tran-
scription factors on the rDNA promoter (5, 67). The presence
of Rrn3 in the RPI/SL-1 complex but not the UBF-containing
fractions was also confirmed by Western blotting (Fig. 6A).
Each pool was concentrated, and the volume was adjusted to

ensure that an equal amount of each factor purified from cells
treated with either serum or rapamycin could be added to the
transcription reaction mixtures (Fig. 6B).

Nuclear extracts from serum-stimulated cells supported ro-
bust transcription that was severely repressed by rapamycin
(Fig. 6C, compare lanes 1 and 2). Addition of increasing
amounts of hypophosphorylated UBF (MQ570) from rapam-
ycin-treated cells only marginally activated transcription (lanes
3 to 5). In contrast, phosphorylated UBF from serum-treated
cells activated transcription in a dose-dependent manner
(lanes 6 to 8), with the highest level of UBF restoring tran-
scription to the level observed in serum-treated extracts (com-
pare lanes 1 and 8). Immunodepletion of UBF inhibited the
ability of MQ570 fractions from serum-stimulated cells to res-
cue transcription (lane 9), whereas preimmune serum had no
effect (lane 10). Western blot analysis confirmed that UBF was
quantitatively and specifically cleared from the MQ570 frac-
tion by the anti-UBF antiserum (Fig. 6D). To confirm that
UBF was the effective component in the MQ570 fraction, we

FIG. 5. mTOR regulates phosphorylation of the UBF carboxy-terminal activation domain. NIH 3T3 cells were made quiescent (serum starved
as a control), stimulated with serum (grown in DMEM containing 10% FBS for 24 h), and then treated with rapamycin (20 nM) or vehicle (ethanol)
for 30 min or 3 h. The cells were also labeled with 1 mCi of 32Pi per plate 12 h after serum was added. 32P-labeled UBF was immunoprecipitated,
separated by SDS-PAGE, and transferred to Immobilon P membranes. The membranes were then subjected to Western blot analysis using
anti-UBF antibodies and phosphorimager analysis (A). Alternatively, 32P-labeled UBF was excised and digested with trypsin, and the resultant
peptides were separated by electrophoresis and chromatography as described in Materials and Methods. Radiolabeled phosphopeptides were
visualized after 24-h exposure using a PhosphorImager (B). Panels A and B show typical results for a 3-h rapamycin treatment. (C) The results
from two or three separate experiments incorporating 30-min and 3-h treatment with rapamycin were quantitated using ImageQuant software
(Molecular Dynamics), and the level of carboxy-terminal domain (CT) phosphorylation was expressed relative to the phosphorylation of peptides
1 and 2 (circled 1 and 2 in panel B). Abbreviations: Ctl, control; S, 10% FBS; S� Rapa, 10% FBS plus 20 nM rapamycin.
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examined the ability of recombinant phosphorylated UBF to
rescue transcription in nuclear extracts from rapamycin-
treated cells. As shown in Fig. 6E, lanes 1 to 3, highly purified
recombinant UBF was able to rescue transcription in rapam-
ycin-treated extracts almost back to the level observed for
serum-treated cells (compare lanes 3 and 4). Importantly, the
ability of the recombinant UBF to rescue transcription was
dependent on phosphorylation, since phosphatase-treated
UBF was unable to rescue transcription of extracts from rapa-
mycin-treated cells (Fig. 6E, lane 6).

Phosphorylation of the carboxy-terminal activation domain
of UBF regulates its ability to recruit the SL-1 complex to the
rDNA promoter (27, 60). To confirm that rapamycin-depen-
dent inhibition of UBF phosphorylation correlated with a re-
duced ability of UBF to interact with SL-1, we performed
coimmunoprecipitation experiments. SL-1 was immunopre-
cipitated from serum- and rapamycin-treated NIH 3T3 cell
extracts using antibodies to TAFI p95, and the amount of
coimmunoprecipitated UBF was detected by Western blotting
(Fig. 6F). The extracts contained equal levels of UBF, and
although UBF coimmunoprecipitated with SL-1 in extracts
from serum-treated cells, this was reduced by approximately
80% in rapamycin-treated extracts (Fig. 6F). Thus, rapamycin
treatment leads to dephosphorylation of the carboxy-terminal
activation domain of UBF and its dissociation from SL-1.

Rrn3 (TIF-1A), RPI, and SL-1 are not inhibited by rapamy-
cin. Rrn3 is an essential factor for mammalian rDNA tran-
scription (5, 36). In response to mitogen stimulation, Rrn3 is
phosphorylated and activated by the ERK and RSK kinases,
suggesting that this factor plays a central role in coupling
extracellular growth stimuli to ribosome biogenesis (67). Ac-
cordingly, we examined whether Rrn3 activity might also be
regulated by mTOR/S6K1 signaling.

FLAG-tagged Rrn3 was affinity purified from transfected
NIH 3T3 cells treated with serum or rapamycin for 30 min or
3 h, and its ability to rescue in vitro transcription in extracts
from NIH 3T3 cells treated with serum or rapamycin (3 h) was
measured. Rrn3 purified from serum-treated NIH 3T3 cells
added to extracts from serum-treated NIH 3T3 cells (Fig. 7A,
lane 2) was able to stimulate transcription, demonstrating that
Rrn3 is a rate-limiting factor for rDNA transcription, even
under these optimal growth conditions (compare lanes 1 and
2). Rrn3 purified from cells treated with rapamycin for 30 min
(lane 3) or 3 h (lane 4) stimulated transcription to a level
equivalent to that of Rrn3 from serum-treated extracts (com-
pare lanes 3 and 4 with lane 2).

To confirm that the apparent lack of rapamycin effect on
Rrn3 activity was not due to Rrn3 being reactivated by the
serum-treated cell extracts, we also examined the ability of
Rrn3 to activate transcription in extracts from rapamycin-
treated cells. As shown previously, rapamycin repressed rDNA
transcription (Fig. 7A, compare lanes 1 and 5). Rrn3 purified
from serum-treated cells activated transcription in rapamycin-
treated extracts to levels greater than those observed for se-
rum-treated cells (compare lanes 6 and 1). Thus, Rrn3 is a
limiting factor for transcription in extracts from both serum-
and rapamycin-treated cells. Importantly, however, the addi-
tion of Rrn3 purified from cells treated with rapamycin for 30
min (lane 7) and 3 h (lane 8) to extracts from rapamycin-
treated cells stimulated transcription to the level observed for

active Rrn3 purified from serum-treated cells (compare lanes 7
and 8 with lane 6). Thus, rapamycin does not inhibit Rrn3
activity, suggesting that alterations in Rrn3 activity are unlikely
to contribute to the repression of rDNA transcription observed
in response to inhibition of mTOR/S6K signaling. Notably,
Rrn3 purified from either serum- or rapamycin-treated cells is
not able to activate transcription in rapamycin-treated extracts
(lanes 6 to 8) to the same extent as in serum-treated extracts
(lanes 2 to 4), which is also consistent with the difference
between these two extracts being due to the rapamycin-depen-
dent repression of UBF demonstrated above.

To further confirm that Rrn3 activity was not repressed after
inhibition of mTOR/S6K1 signaling, we performed the stan-
dard assay for Rrn3 activity based on the observation that Rrn3
is rapidly inhibited by CHX and that purified Rrn3 can fully
complement RPI transcription in CHX-treated cell extracts
(5). FLAG-tagged Rrn3 was affinity purified from transfected
NIH 3T3 cells treated with rapamycin for 30 min or 3 h, and its
ability to rescue in vitro transcription in CHX-treated NISI cell
extracts was measured in the standard CHX assay (5, 25). For
positive controls, recombinant Rrn3 purified from Sf9 cells
reconstituted transcription from CHX-treated NISI S100 ex-
tracts (Fig. 7B, compare lanes 1 and 2), as did increasing
amounts of FLAG-tagged Rrn3 purified from serum-treated
cells (Fig. 7B, compare lanes 3 and 4), demonstrating that the
transcription system was responsive to Rrn3 as previously re-
ported (1, 5). Rrn3 purified from exponentially growing NIH
3T3 cells stimulated transcription to a greater extent than Rrn3
from serum-starved cells (compare lanes 5 and 6 with lanes 7
and 8), consistent with serum-mediated regulation of Rrn3
shown in previous studies (67). Importantly, treatment of se-
rum-stimulated cells with rapamycin for 30 min (lanes 9 and
10) or 3 h (lanes 11 and 12) had no significant effect on the
ability of Rrn3 to rescue transcription compared to the Rrn3
activity from serum-treated cells (lanes 7 and 8). Taken to-
gether, these experimental results demonstrate that acute ra-
pamycin-mediated repression of rDNA transcription does not
appear to be mediated by regulation of Rrn3 activity.

While our studies show that UBF is a major target for
inactivation by rapamycin, the possibility that RPI/SL-1 was
independently regulated was tested. The UBF fractions
(MQ570) did not support transcription, consistent with their
depletion of RPI and SL-1 (Fig. 7C, lanes 1 and 2). The
RPI/SL-1 (MQ340) fractions supported rDNA transcription
(lanes 3 and 4), consistent with previous studies demonstrating
that nuclear extracts depleted of UBF are still able to initiate
basal rDNA transcription in vitro (51). Importantly, there was
no significant difference in transcriptional activity between
RPI/SL-1 extracts from serum- and rapamycin-treated cells. As
these extracts contain equivalent levels of Rrn3 (Fig. 6B), these
data are consistent with Rrn3 playing no major role in rapa-
mycin inhibition of rDNA transcription. Furthermore, the
RPI/SL-1 fractions from cells treated with serum (lane 6) and
rapamycin (lane 7) were significantly activated by UBF purified
from serum-treated cells, and this was prevented by depleting
the extracts of UBF with anti-UBF antibodies (lanes 5 and 7).
Finally, transcription from either RPI/SL-1 fraction (serum or
rapamycin treated) was not activated by UBF purified from
rapamycin-treated extracts (lanes 9 to 12).

Taken together, these data demonstrate that Rrn3, RPI, and
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FIG. 6. UBF from serum-stimulated cells and recombinant baculovirus UBF rescues rapamycin-inhibited RPI activity. NIH 3T3 cells were
made quiescent, stimulated with serum (in DMEM plus 10% FBS) for 24 h, and treated with rapamycin (20 nM) or vehicle (ethanol) for 3 h.
Nuclear extracts were prepared and fractionated as described in Materials and Methods. (A) Fractions containing RPI/SL-1 (MQ340) and UBF
(MQ570) were pooled and analyzed by Western blotting for expression of RPI (anti-A127), SL-1 (anti-TBP, anti-TAFI p95, and anti-TAFI p68),
Rrn3 (anti-Rrn3), or UBF (anti-UBF). (B) The RPI/SL-1 and UBF fractions were concentrated, and the volume was adjusted to ensure that an
equal amount of each factor purified could be added to the transcription reaction mixtures. In addition, the level of Rrn3 was determined as
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SL-1 are not significantly affected by inhibition of mTOR/S6K
signaling. Instead, rapamycin repression of rDNA transcrip-
tion is mediated by inactivation of UBF via a mechanism that
involves decreased phosphorylation of the carboxy-terminal
activation domain, leading to reduced association between
UBF and SL-1.

DISCUSSION

Regulated cell growth is absolutely required for faithful cell
division and hence proliferation. Understanding how these re-
sponses are coordinated has been the focus of much recent
attention (38, 55, 57). A key issue has been to elucidate which
mitogen-activated intracellular signaling pathways also medi-
ate cell growth. Recent studies have clearly demonstrated that
mTOR signaling is a primary mechanism by which the size and
growth of mammalian cells are regulated (8, 10, 49, 58). The
exact mechanism by which this is achieved is equivocal but
appears to require the coordinate activation of two down-
stream targets of mTOR, 4EBP1, and S6K1 (8). Here, we
provide evidence that at least part of the mechanism by which
mTOR regulates cell growth is by modulating the rate of tran-
scription of ribosomal genes, an important limiting step in the
synthesis of ribosomes and hence of translational capacity.
Moreover, we demonstrate that the stimulation of rDNA tran-
scription by mTOR requires S6K1 activity and is mediated
largely through the phosphorylation of the carboxy-terminal
activation domain of the rDNA transcription factor UBF.

Two independent observations led us to conclude that S6K1
is the major pathway downstream of mTOR that mediates
serum activation of rDNA transcription. First, overexpression
of a constitutively active, partially rapamycin-insensitive mu-
tant of S6K1 signaling was shown to be sufficient to overcome
the inhibition of rDNA transcription by rapamycin. Second, a
dominant interfering mutant of S6K1 abolished serum-stimu-
lated rDNA transcription. Given the well-established role for
S6K1 in regulating r-protein synthesis, our study provides ev-
idence for a novel mechanism for the coordinated regulation of
two of the major steps in ribosome biogenesis by a single
pathway in mammalian cells. Interestingly, studies from S. cer-
evisiae demonstrate that mTOR exerts control over general
translation initiation and r-protein gene transcription as well as
synthesis and processing of the 35S and 5S precursor RNA (44,
66). Thus, taken with the current data, mTOR represents a
critical step in linking translational efficiency and capacity, and
this function is conserved in yeast and mammalian cells.

These findings contrast with a previous study in mammalian
cells that found only limited (50%) inhibition of rDNA tran-
scription in lymphosarcoma P1798 cells after 24- to 48-h treat-
ments with 1 �M rapamycin, a 50-fold-higher concentration
than is required to inhibit mTOR (33). The reason for the
discrepancy is unclear, but recent studies on the ability of
rapamycin to reduce cell size and protein content in a variety
of cell lines clearly demonstrate that different cell types may
possess various degrees of dependence on mTOR in the con-
trol of cell growth (8, 49, 58). Nonetheless, in addition to NIH
3T3 cells, we observed potent inhibition of rDNA transcription
in primary fibroblasts and cardiomyocytes, reinforcing mTOR-
dependent regulation of rDNA transcription as a general phe-
nomenon.

It should be noted that our studies do not preclude a con-
tribution from the recently identified S6K1 homologue, S6K2
(50), in the regulation of rDNA transcription induced by serum
or growth factors. This highly homologous kinase has all the
known S6K1 regulatory sites conserved, is similarly dependent
on mTOR signaling, and is inhibited by the dominant interfer-
ing mutant of S6K1, as indicated by the ability of this mutant
to inhibit the translational regulation of 5�TOP messages (26).
Conversely, these messages are unaffected in S6K1 knockout
mice containing redundant signaling from S6K2 (50). Interest-
ingly, the S6K1 knockout mice are viable and fertile but sig-
nificantly smaller, suggesting that S6K2 cannot completely
complement all the S6K1 growth-related functions (50).

Consistent with the observation that mTOR-dependent reg-
ulation of cell growth is readily separated from its regulation of
cellular proliferation (8), we demonstrated that mTOR-S6K1
signaling exhibits tight control over rDNA transcription in
nonproliferating primary cardiomyocytes. Moreover, we have
found that rapamycin is able to effectively block rDNA tran-
scription in NIH 3T3 cells in which the Rb family had been
functionally inactivated by retrovirus-mediated expression of
the viral oncoprotein 16E7 (G. Poortinga, K. M. Hannan, R. B.
Pearson and G. A. McArthur, unpublished data). Thus, despite
the demonstrated role for S6K1 in the G1-to-S phase transition
(30, 42) S6K1-dependent regulation of rDNA transcription is
independent of cell cycle progression.

Our data indicate that mTOR activity is required for the
rapid activation of rDNA transcription in response to serum
stimulation. It also appears to be required to maintain stimu-
lated transcription, since rRNA synthesis in exponentially
growing cells was significantly reduced within 30 min of treat-

illustrated by Western blotting. (C) Nuclear extracts (50 �g) were assayed for their ability to transcribe 0.1 �g of the 45S template gene in vitro
and respond to partially purified UBF (MQ570). Lanes 3 to 5 and 6 to 8 contain 1, 3, and 10 �l of UBF (MQ570) from rapamycin- or serum-treated
extracts, respectively. In lanes 9 and 10, the UBF fraction was precleared with anti-UBF or preimmune serum before addition to the transcription
reaction mixture. Lane 11 contains molecular size markers. (D) Western blot illustrates effective immunodepletion of UBF from MQ570 fraction.
(E) Nuclear extracts (50 �g) were assayed for their ability to transcribe 0.1 �g of the 45S template gene in vitro and respond to purified
baculovirus-expressed UBF. Lanes 1 to 3 contain 10, 25, and 50 ng of UBF added to a rapamycin-treated nuclear extract. Lane 4 contains
serum-treated nuclear extract. Lanes 5 to 6 illustrates the effect of dephosphorylating the baculovirus UBF on transcription in a rapamycin-treated
nuclear extract. The purity of the baculovirus-expressed UBF is illustrated by the Coomassie blue and Western blots. (F) Nuclear extracts (200 �g)
from serum- or rapamycin treated cells were incubated with anti-TAF1 p95 antibodies (2 �g) in C-10 buffer containing 0.5% NP-40 at 4°C for 3 h,
and then washed protein A Sepharose beads (25 �l) were added. The sample was tumbled for 30 min, and the beads were washed three times with
C-10 buffer containing 0.5% NP-40. Sample loading buffer was added, and the samples were boiled and separated on SDS-8% polyacrylamide gels,
transferred, and Western blotted with anti-UBF or anti-TAF1 p95 antibodies. Abbreviations: 	-UBF, anti-UBF; UBF1/2, UBF1 and UBF2; S, 10%
FBS; S� Rapa, 10% FBS plus 20 nM rapamycin; 45S Transc., 45S transcripts; Int. Std., internal standard; Std., standards; dephos, dephospho-
rylated; I.P., immunoprecipitation.
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FIG. 7. Rrn3, RPI, and SL-1 activities are not inhibited by rapamycin. (A) The ability of purified Rrn3 to complement in vitro transcription of
0.1 �g of the 45S template gene in S100 extracts from NIH 3T3 cells (40 �g) treated with serum or rapamycin (3 h) was assayed. Lanes 1 to 4
contain S100 extracts from serum-treated cells complemented with equal amounts (50 ng) of affinity-purified FLAG-tagged Rrn3 from cells treated
with serum or rapamycin (30 min or 3 h). Lanes 5 to 8 contain S100 extracts from cells treated with rapamycin (3 h) complemented with purified
Rrn3 from cells treated with serum or rapamycin (30 min or 3 h). The amount of affinity-purified Rrn3 was determined by silver-stained
polyacrylamide gels and Western blotting against recombinant Rrn3 from Sf9 cells (5, 25; data not shown). (B) The ability of purified Rrn3 to
complement in vitro transcription of 0.1 �g of the 45S template gene in S100 extracts from CHX-treated NISI cells (40 �g) was assayed. Lane 2
contains purified baculovirus-expressed Rrn3, and lanes 3 and 4 contain active FLAG-tagged Rrn3 complementing transcription from the
CHX-treated S100 cell extracts. Lanes 5 to 12 contain increasing doses (10 and 25 ng) of FLAG-tagged Rrn3 purified from serum-starved cells
(lanes 5 and 6), serum-treated cells (lanes 7 and 8), and cells treated with rapamycin for 30 min (lanes 9 and 10) or 3 h (lanes 11 and 12). (C) UBF
(MQ570 [lanes 1 and 2]) and RPI/SL-1 (MQ340 [lanes 3 and 4]) fractions from cells treated with serum or rapamycin (3 h) were assayed for their
ability to transcribe 0.1 �g of the 45S template gene in vitro. Alternatively, RPI/SL-1 fractions precleared with anti-UBF or preimmune sera were
assayed in the presence (�) of UBF from cells treated with serum (lanes 5 to 8) or rapamycin (lanes 9 to 12). The amount of affinity-purified
FLAG-tagged Rrn3 was determined by silver-stained polyacrylamide gels and Western blotting against recombinant Rrn3 from Sf9 cells (5, 25;
data not shown). Abbreviations: S, 10% FBS; S � Rapa, 10% FBS plus 20 nM rapamycin; FLAG-Rrn3, FLAG-tagged Rrn3, Ctl, control; 45S
Transc., 45S transcripts; Int. Std., internal standard; 	-UBF, anti-UBF.
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ment with rapamycin. Indeed, the rapidity of the rapamycin
inhibition of transcription suggested that mTOR must modu-
late a component of the rDNA transcription apparatus or an
immediate upstream regulator whose amount or activity is
acutely regulated. Consistent with this, we found that rapamy-
cin treatment led to the rapid dephosphorylation of the car-
boxy-terminal activation domain of UBF. Phosphorylation of
this domain is thought to activate UBF transcriptional activity
by promoting its interaction with the TBP component of SL-1,
thereby facilitating recruitment of RPI (60). The key role of
UBF phosphorylation in mTOR-dependent regulation of
rDNA transcription was supported by experiments showing
that both partially purified phosphorylated UBF from serum-
stimulated cells and purified recombinant UBF were able to
reconstitute the RPI transcriptional activity of both nuclear
extracts and partially purified RPI/SL-1 fractions from rapam-
ycin-treated cells. Conversely, both hypophosphorylated UBF
from rapamycin-treated cells and dephosphorylated, recombi-
nant UBF failed to elevate RPI activity. Consistent with these
findings, coimmunoprecipitation studies revealed endogenous
UBF and RPI/SL-1 interacted less tightly in extracts from
rapamycin-treated cells than exponentially growing cells. Thus,
we conclude that mTOR regulates rDNA transcription by
phosphorylation of the UBF carboxy-terminal activation do-
main, thereby promoting the interaction between UBF and
SL-1 and the formation of a stable initiation complex at the
rDNA promoter.

The carboxy terminus of UBF contains no consensus sub-
strate recognition motifs for S6K1, and recombinant and im-
munopurified S6K1 failed to phosphorylate UBF in vitro, sug-
gesting that UBF is not a S6K1 substrate (R. B. Pearson, K. M.
Hannan, R. D. Hannan, and R. B. Pearson, unpublished data).
Moreover, conditional deletion of the S6 gene does not block
synthesis of the 45S rRNA precursor in mammalian cells (63),
indicating that UBF activation is not mediated via S6K1-de-
pendent phosphorylation of the ribosomal S6 protein. Thus, it
is likely that S6K1 regulates rDNA transcription via the phos-
phorylation of a novel target(s), upstream of UBF. This is
consistent with recent studies demonstrating that S6K1 has
targets in addition to S6, including the transcription factor
CREM-� (7), the translation elongation factor CBP80 (65), the
translation elongation regulator eEF2 kinase (3), and the pro-
apoptotic protein Bad-1 (22).

Casein kinase 2 (CK2) has been shown to phosphorylate the
carboxy-terminal activation domain of UBF in vitro and can be
coimmunoprecipitated with UBF from whole-cell extracts, sug-
gesting that UBF might be a bona fide substrate of CK2 in vivo
(37, 40, 62). However, there have been only limited reports
that CK2 is regulated in a growth-dependent manner. Indeed,
we found rapamycin treatment of NIH 3T3 cells had no effect
on CK2 activity (55.05  17 versus 51.12  17.2 pmol/min/mg
for serum- and rapamycin-treated samples, respectively) (59).
Alternatively, it is possible that mTOR/S6K1 modulates UBF
phosphorylation by restraining a phosphatase. This would be
consistent with the following observations: (i) the UBF car-
boxy-terminal activation domain is rapidly dephosphorylated
following inhibition of mTOR with rapamycin, and (ii) rapa-
mycin increases the activity of protein phosphatase 2A in cer-
tain cell types (43). Further studies are required to identify the

molecular mechanism by which mTOR regulates UBF phos-
phorylation.

Interestingly, our data also demonstrate that rapamycin
blocks the serum induction of UBF protein accumulation (11).
Previous studies and experiments herein demonstrate that
UBF is limiting for transcription, despite its apparent abun-
dance compared to the other RPI transcription components (2,
17). Thus, maximal activation of rDNA transcription by mTOR
might require increases in both UBF expression and UBF
phosphorylation. The mechanism responsible for the regula-
tion of UBF expression is not clear and may be mediated either
via S6K1 or 4EBP1/eIF4E or indeed both mTOR-dependent
pathways. UBF mRNA does not contain a 5�TOP (L. Roth-
blum and R. D. Hannan, unpublished data), seemingly pre-
cluding regulation of UBF by ribosomal S6 protein-dependent
mechanisms. On the other hand, 4EBP1/eIF4E signaling has
been shown to regulate the translation of proteins containing a
complex 5� untranslated region (10) similar to that found in the
UBF mRNA. Our studies do not exclude the possibility that
the increase in UBF expression is a consequence of an increase
in gene copy number as the cells progress from the G1 phase to
the S phase in response to mTOR activation. However, it has
been demonstrated that UBF expression is up regulated by
growth stimuli in postmitotic cardiomyocytes, which are unable
to undergo DNA synthesis (19, 20), suggesting that mitogens
can stimulate UBF expression independent of changes in DNA
content. Importantly, however, overexpression of recombinant
UBF was not sufficient to stimulate rDNA transcription in
serum-starved cells, and it did not overcome rapamycin-in-
duced inhibition of rDNA transcription during serum stimula-
tion. Thus, increased expression of UBF in the absence of
some mitogenic signaling is insufficient to up regulate rDNA
transcription.

In addition to mTOR-dependent signaling, the Ras/MAPK
(mitogen-activated protein kinase) and phosphatidylinositol
3-kinase (PI3K) pathways have been identified as critical ef-
fectors of growth (28), the former largely acting via c-myc and
the latter via a complex network involving PDK1, PKB, TSC1/
TSC2, and S6K1 (28, 45, 46). Surprisingly, given the critical
role that ribosome biogenesis occupies in growth, direct acti-
vation of rDNA transcription by these signaling pathways has
been to a large extent overlooked. Indeed, the first credible
evidence in mammalian cells for a direct link from extracellular
growth factor signaling to rDNA transcription came from a
recent study demonstrating that the epidermal growth factor
could cause immediate up regulation of rDNA transcription
via ERK directly phosphorylating UBF (54). ERK-dependent
phosphorylation of amino acids 117 and 201 within HMG
boxes 1/2 of UBF was shown to prevent their binding to DNA
(54) suggesting that cyclic phosphorylation of UBF on these
residues might be required for rDNA transcription. More re-
cently, it has been shown that mitogenic activation also leads to
the ERK/RSK-mediated phosphorylation of the mammalian
homologue of yeast RPI initiation factor Rrn3P (1, 35). Rrn3
was originally identified as a factor whose activity was required
for the full complementation of RPI-dependent transcription
in extracts from quiescent or CHX-treated cells (29). Interest-
ingly, we were unable to demonstrate acute regulation of Rrn3
by mTOR, despite the important role this factor is thought to
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play in growth factor-dependent regulation of rDNA transcrip-
tion (5, 67).

Clearly, the data presented here along with the recent stud-
ies describing ERK-dependent regulation of ribosome biogen-
esis demonstrate that core components of the RPI transcrip-
tion apparatus are direct targets for activation by mitogenic
signaling pathways. The critical challenge in the future will be
to determine how the complex array of signaling cascade ini-
tiated by growth factors is integrated at the level of the rDNA
transcription components to coordinate rRNA synthesis with
growth and proliferation.
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